Relationships between hormonal and metabolic changes around parturition and colostrum yield and composition were investigated in 16 Landrace × Large White primiparous sows. Blood samples were taken daily from d 105 of pregnancy to d 2 postpartum (with d 0 being the day of parturition). Colostrum samples were taken at the onset of parturition (T0), and then 3, 6, and 24 h later (T3, T6, and T24, respectively). Colostrum yield was calculated from the beginning of parturition until 24 h later by adding colostrum intake of individual piglets, which was estimated from their BW gain. Colostrum yield averaged 3.22 ± 0.34 kg. Four sows had very low colostrum production (1.10 ± 0.12 kg; n = 4), whereas the others produced between 2.83 and 4.64 kg of colostrum (3.93 ± 0.16 kg; n = 12). Compared with the high-colostrum-producing sows, the low-colostrum-producing sows tended (P < 0.1) to have greater plasma concentrations of progesterone during the 20-h prepartum and tended (P < 0.1) to have smaller plasma concentrations of prolactin 40 and 30 h before parturition. Sows with a low colostrum yield had greater plasma concentrations of glucose than sows with a high colostrum yield from d −9 to −2 (P < 0.05). At the onset of parturition, colostrum from lowproducing sows had greater percentages (P < 0.01) of DM, lipids, and GE, but less (P < 0.05) lactose, than that from high-producing sows. The Na:K ratio in colostrum during the 6 h postpartum was greater (P < 0.01) in low-producing sows than in high-producing sows, indicating that cellular junctions between epithelial mammary cells were less tightly closed. Concentrations of IgG in colostrum varied greatly between sows and decreased by approximately 80% between T0 and T24. Within high-producing sows, concentrations of IgG in colostrum at T0, T3, and T6 were negatively correlated (P < 0.05) with lactose concentrations in colostrum at the same times and were positively correlated (P < 0.05) with plasma concentrations of IGF-I measured from d −9 to 0. In contrast, no correlation (P > 0.1) was found between IgG concentrations in colostrum at any time and prolactin, estradiol-17β, progesterone, or cortisol. In conclusion, sows that produced a low yield of colostrum were characterized by a leaky mammary epithelium and reduced synthesis of lactose, related to delayed hormonal changes before parturition.
INTRODUCTION
In 2008, the mortality rate of piglets from birth to weaning averaged nearly 14% in France (IFIP-GTTT, 2009 ). Such mortality is a source of substantial loss to swine production and a major concern with regard to animal welfare. Early postnatal mortality occurring within 3 d of birth represents at least 50% of preweaning deaths (Dyck and Swierstra, 1987; Tuchscherer et al., 2000) . Piglets dying in early postnatal life were shown to gain less BW and to consume much less colostrum than survivors during the first day postpartum (de Passillé and Rushen, 1989; Devillers et al., 2005) . Colostrum provides piglets with the energy necessary for heat production and metabolism, immunoglobulins required for passive immunity to prevent infections, and growth factors involved in intestinal development, thereby playing an essential role in piglet survival (see reviews by Xu et al., 2000; Rooke and Bland, 2002; Le Dividich et al., 2005) . Colostrum intake by piglets depends not only on their ability to extract colostrum from teats, but also on the ability of sows to produce colostrum in sufficient quantity to fulfill the needs of the whole litter (Hoy et al., 1997; Devillers et al., 2007) . Both colostrum yield and IgG contents vary greatly among sows (Inoue et al., 1980; Klobasa and Butler, 1987; Devillers et al., 2005) . However, the factors affecting colostrum yield and composition in sows are not fully known (Farmer and Quesnel, 2009) . Unlike milk production, only a few studies have focused on the factors influencing colostrum production in swine; however, in ruminants and rodents, hormonal changes occurring around parturition play a role in lactogenesis (Guy et al., 1994; Barrington et al., 2001; Neville et al., 2002) . The aim of this study was to investigate potential relationships between hormonal changes around parturition and colostrum yield and colostral IgG content in sows.
MATERIALS AND METHODS
The experimental animals were reared in compliance with French regulations for the humane care and use of animals in research.
Animals
Sixteen Landrace × Large White gilts were used in 3 replicates of 5 or 6. At approximately 285 d of age, gilts were inseminated with semen from Piétrain boars. From d 100 of pregnancy until the day of farrowing (d 0), the gilts were fed 2.5 kg daily of a conventional gestation diet containing 13.3 MJ of DE/kg (as-fed basis), 13.5% CP, and 0.5% lysine. After farrowing, the sows received a conventional lactation diet containing 13.7 MJ of DE/kg (as-fed basis), 17.4% CP, and 0.8% lysine. They were offered 2.5 kg of lactation diet on d 1, and then the feed supply was increased by 1 kg/d until d 6, after which they were allowed ad libitum consumption. Throughout the experimental period, water was freely available to sows via a nipple drinker. From d 100 of pregnancy to d 6 of lactation, the sows were fed in 2 meals provided at 0900 and 1500 h.
At 97 ± 1 d of gestation, sows were moved from the gestation to the farrowing room. On d 112 of pregnancy, sows were weighed and their backfat thickness was measured ultrasonically (Sonolayer SAL-32B, Toshiba, Tokyo, Japan) at the 10th rib on each side, 6.5 cm from the midline.
Farrowing Supervision
Farrowings were not induced and were attended. During farrowing, interventions were kept to a minimum.
Oxytocin (2 mL of a 10 IU/mL solution; Ocytocem, CEVA Santé Animale, Libourne, France) was intramuscularly injected, and piglets were manually extracted only if necessary. The birth of the first and the last piglets, respectively, were considered as the onset (T0) and the end of farrowing. Each piglet was individually weighed at birth and 24 h after the onset of farrowing (T24). Time between birth and the first suckling was recorded for each piglet. When this latency exceeded 60 min, the piglet was placed on the sow to suckle. The original litter was kept with the sow until T24 and no additional help or care was given before T24.
Surgery and Samplings
At 97 ± 1 d of pregnancy, a catheter (2.16 mm o.d. and 1.02 mm i.d.; Silastic, Dow Corning, Midland, MI) was inserted through a collateral vein in the right external jugular vein. Surgery was performed under general anesthesia induced with intravenous sodium thiopental (10 mg/kg of BW, Nesdonal, Rhône-Merieux, Toulouse, France) combined with atropine (Aguettant, Lyon, France) and maintained with 2 to 5% halothane (Fluothane, Belamont, Neuilly sur Seine, France) in oxygen (2 to 3 L/min). Sows were deprived of feed from the evening before surgery. After surgery, sows were moved to their farrowing crates (2 × 2.5 m) and were fed again.
Blood Sampling. From d 105 of pregnancy to d 2 after farrowing, 15 mL of blood was collected daily at 0830 h, just before the morning feeding. From d 112 of pregnancy to d 1, additional samples (10 mL) were collected at 1430 and 2030 h, at the beginning of parturition (T0) as well as 6 h later (T6). Blood samples were collected in heparinized (37 IU/mL) tubes (5 or 10 mL) kept on ice and in tubes containing no anticoagulant (5 mL). Heparinized samples were centrifuged for 10 min at 2,600 × g at 4°C, and plasma was stored at −20°C until analyses. Samples without anticoagulant were kept at ambient temperature for 4 h, stored overnight at 4°C, and then centrifuged for 10 min at 2,600 × g at 4°C. Serum was stored at −20°C until analyses.
Colostrum Sampling. Colostrum was collected just after the birth of the first piglet (T0), and then 3, 6, and 24 h later (T3, T6, and T24, respectively). Colostrum was collected from 6 to 8 teats located in the anterior, middle, and posterior parts of the udder. It was filtered through gauze tissue and stored at −20°C. From T6 onward, oxytocin (2 mL of a 10 IU/mL solution; CEVA Santé Animale) was administered intramuscularly to induce colostrum ejection.
Assays in Plasma and Serum
All concentrations of hormones and metabolites were determined in duplicate. Concentrations of IgG were determined in triplicate.
Endocrine regulation of lactogenesis in sows Steroids and Prolactin. Plasma concentrations of cortisol, progesterone, and estradiol-17β were measured with RIA using commercial kits (reference IM1841, IM1188, and A21854, respectively; Beckman Coulter, Roissy CDG, France). The intra-and interassay CV were, respectively, 5.8 and 9.0% for progesterone and 6.0 and 7.7% for estradiol-17β. The assay sensitivity was 0.1 ng/mL for progesterone and 6 pg/ mL for estradiol-17β. The intra-and interassay CV for cortisol were 5.6 and 8.0%, respectively; the assay sensitivity was 6.2 ng/mL. Prolactin concentrations in serum were determined by a homologous double-antibody RIA (Robert et al., 1989 ) within a single assay. The prolactin intraassay CV was 4.8%; average sensitivity was 1.8 ng/mL.
IGF-I, Leptin, and Insulin. Plasma IGF-I, leptin, and insulin concentrations were measured within single assays. Concentrations of IGF-I were determined after an acid-ethanol extraction (Louveau and Bonneau, 1996) . The intraassay CV was 9.6% and the assay sensitivity was 4.4 ng/mL. Plasma concentrations of leptin were determined with a multispecies double-antibody kit assay validated in pigs (Qian et al., 1999; Linco Research Inc., St. Louis, MO) . The intraassay CV was 3.6% and the sensitivity was 0.9 ng/mL. Plasma concentrations of insulin were measured using a commercial RIA kit (CIS Bio International, Gif sur Yvette, France). The intraassay CV was 8.2% and the assay sensitivity was 3 μIU/mL.
Glucose and NEFA. Glucose and NEFA concentrations in plasma were determined by enzymatic methods using an automatic analyzer (Konelab20i, Themo, Cergy, France) and commercial kits (reference 61269, bioMérieux, Marcy l'Etoile, France; and NEFA C, reference 754664, Wako, Dardilly, France, respectively).
IgG in Plasma. Concentrations of IgG were assayed by ELISA in plasma using a pig IgG ELISA Quantification Kit (reference E100-104, Bethyl, Montgomery, TX) according to a method described previously (Devillers et al., 2004a) . Plasma samples were diluted at 1:30,000 or 1:40,000, and each dilution was measured in triplicate. The intraassay CV was 2.9%, and the interassay CV was 10.0%.
Days of Analyses. The day of sampling was calculated relatively to the day of farrowing (d 0) a posteriori. Plasma concentrations of progesterone and estradiol-17β were assayed from d −9 to 2 at 0830 h, and additional assays were performed between d −2 and 1 at 1430 and 2030 h, and at T0 and T6. Plasma concentrations of cortisol were assayed at d −9 and −7, and then from d −5 to 2 at 0830 h, and additional assays were performed between d −2 and 1 at 2030 h, and at T0 and T6. Serum concentrations of prolactin were assayed from d −2 to 2 at 0830, 1430, and 2030 h, and at T0 and T6. Plasma concentrations of IGF-I, insulin, NEFA, and glucose were assayed from d −9 to 1 at 0830 h. Plasma concentrations of IgG were measured daily from d −9 to 2 at 0830 h. Plasma leptin concentrations were measured at d −9 and −2 at 0830 h.
Assays in Colostrum
Colostrum Composition. Crude contents in colostrum (GE, DM, ash, CP, and total lipids) were assayed at T0 and T24. Lactose, Na, and K contents, and IgG concentrations in colostrum were assayed at T0, T3, T6, and T24. Nitrogen was determined according to the Dumas method based on sample pyrolysis and direct determination of N 2 using an automatic device (Leco FP-428, Leco Corporation, St. Joseph, MO). Crude protein was estimated to be N × 6.38 (Gordon and Whittier, 1965) . Total lipids were measured according to the Gerber method (AOAC, 1990) . Gross energy was measured using an adiabatic bomb calorimeter (C5000, IKA, Staufen, Germany). Lactose in colostrum was assayed using an enzymatic method (ref. 01766303, Lactose/d-galactose test combination, R-Biopharm, Darmstad, Germany). The Na and K contents were determined using an atomic absorption spectrometer (SpectraAA-220 FS model, Varian, Les Ulis, France). The Na:K ratio in colostrum, which is known to be inversely correlated with mammary epithelium integrity during lactation (Sørensen et al., 2001) , was used to evaluate mammary epithelium permeability.
IgG in Colostrum. Assays for IgG in whole colostrum were performed as in plasma. Colostrum samples were diluted 1:500,000 and each dilution was measured twice in triplicate. The intraassay CV was 2.9% and the interassay CV was 8.3%.
Estimation of Colostrum Production
Colostrum intake by individual piglets between birth and T24 was estimated from the piglet BW variation according to an equation developed in the present experimental herd (Devillers et al., 2004b) : CI = −217.4 + 0.217 × t + 1,861,019 × BW24/ti + BWB × (54.8 − 1,861,019/ti) × 0.9985 − 3.7 × 10 −4 × tFS + 6.1 × 10 −7 × tFS 2 ), where CI is colostrum intake (g), BWB is birth weight (kg), BW24 is BW at T24 (kg), ti is time elapsed between the first and the second weighing (min), and tFS is the interval between birth and first suckling (min). Colostrum production by the sow during the 24 h after the onset of parturition was calculated as the sum of intakes by each piglet of the litter.
Statistical Analyses
First, sows were categorized according to their colostrum yield (low or high), and data, except mortality rate, were analyzed by ANOVA using the GLM procedure (SAS Inst. Inc., Cary, NC). Fisher's exact test was used to compare mortality rate of piglets during the 2 d postpartum. Time-related variations in concentrations of hormones, metabolites, IgG, and electrolytes in blood and colostrum were analyzed by ANOVA using the procedure for repeated measurements of SAS. Second, simple relationships were sought between variables related to colostrum production (litter BW gain, colos-trum yield, and IgG concentrations) and litter characteristics, and metabolic and endocrine criteria using the CORR procedure. Multiple regression analyzes were then performed including the variables contributing the most by using the STEPWISE procedure of SAS. Similar analyzes (simple and multiple regression) were used to investigate IgG content in colostrum. Variables expressed as a percentage were analyzed after arcsine square root transformation.
RESULTS

Sow Characteristics, and Hormonal and IgG Changes Around Farrowing
At d 112 of pregnancy, sow BW and backfat thickness averaged 252.2 ± 4.2 kg and 22.1 ± 0.8 mm, respectively. The duration of gestation ranged from 113.7 to 116.0 d and averaged 114.8 ± 0.2 d. Farrowing for 2 sows required human intervention, and farrowing duration was 284 ± 50 min on average.
There were time-related changes in circulating concentrations of cortisol, progesterone, estradiol-17β, and prolactin (P < 0.001; Figure 1 ). Plasma concentrations of cortisol remained at baseline between d −9 and −2, began to increase on d −1, and peaked on the day of parturition (P < 0.05; Figure 1A) . Thereafter, the concentrations of cortisol returned to baseline concentrations on d 1. Plasma concentrations of progesterone were elevated between d −9 and −2 (9.5 ng/mL on average) and declined sharply on d −1 and 0 (P < 0.05; Figure 1B ). On d 1, values reached minimal concentrations, approximately 1 ng/mL (P < 0.05). Plasma concentrations of estradiol-17β progressively increased between d −9 and −2 (P < 0.05), and then ranged between 290 and 350 pg/mL during the 2 d prepartum ( Figure 1C ). They reached maximal values on the day of parturition, and then decreased sharply to reach minimal values on d 1 (P < 0.05). Prolactin concentrations in serum were minimal on d −2 and increased to reach a peak of 36.2 ng/mL on the day of parturition (P < 0.05; Figure 1D ). They decreased slightly thereafter but remained greater (P < 0.05) on d 2 than on d −2.
Plasma concentrations of IgG varied greatly between sows (Figure 2) . They averaged 12.1 mg/mL on d −9 and decreased slightly (P < 0.05) to reach lesser values on d −1 and 0.
Litter Growth and Colostrum Production
Litter size at birth averaged 13.7 ± 0.7 total piglets (from 10 to 19) and 12.8 ± 0.6 live piglets. Six of 205 piglets died during the first day postpartum. The number of piglets nursed during the 24 h after the onset of farrowing, designated as suckling piglets, averaged 12.5 ± 0.5 (from 10 to 16 suckling piglets). The BW of litters of suckling piglets averaged 17.8 ± 2.2 kg at birth. Litter BW gain during the 24 h after the onset of farrowing differed greatly among litters, with values ranging between −1.34 and +1.62 kg ( Figure 3A ). Four litters lost BW during d 1 postpartum. Litter BW gain was negatively correlated with circulating progesterone in sows during the day before farrowing (r = −0.56, P = 0.03, and r = −0.52, P = 0.04, at 20 and 10 h before the onset of farrowing, respectively) and at T0 (r = −0.61, P = 0.02). Litter BW gain was also negatively correlated with the progesterone:prolactin ratio, measured at −20 h before the onset of farrowing (r = −0.58, P = 0.02) and at T0 (r = −0.70, P = 0.003).
Estimated production of colostrum averaged 3.22 ± 0.34 kg and varied from 0.85 to 4.80 kg. Figure 3B indicates that 4 sows had minimal colostrum production, ranging from 0.85 to 1.39 kg, whereas the other sows produced between 2.83 to 4.64 kg of colostrum. Therefore, sows could be divided in 2 subsets of sows producing a low or a high yield of colostrum (respectively, low-producing sows, n = 4, and high-producing sows, n = 12). Farrowing duration did not differ between the 2 groups of sows (Table 1 ). The number of suckling piglets, the suckling litter birth weight, and the mean piglet BW at birth were not different between highproducing and low-producing sows. The time elapsed between birth and the first suckling by newborn piglets averaged 29 ± 2 min and did not differ between the litters of the 2 groups of sows. Piglets nursed by lowproducing sows lost BW during the 24 h postpartum, whereas piglets nursed by high-producing sows gained BW (90 g on average) in that same time period (Table  1) . The mortality rate in the 48 h after the onset of parturition was greater in litters of low-producing sows than in litters of high-producing sows (21 ± 10 vs. 4 ± 3%, P = 0.04).
Concentrations of IgG in Colostrum
Concentrations of IgG in colostrum averaged 74.2 ± 6.1 mg/mL at the onset of farrowing, and then decreased by 23% on average 6 h later (P < 0.05; Figure  4 ). Twenty-four hours after the onset of farrowing, IgG concentrations in colostrum averaged 13.9 ± 3.2 mg/ mL.
Hormone and Metabolite Profiles in Sows Producing a Low or a High Yield of Colostrum
The sows that produced a low yield of colostrum had reduced concentrations of cortisol compared with the high-producing sows 30 h before farrowing (P < 0.05; Figure 5A ). They had greater concentrations of progesterone on d −4 and −3 (P < 0.1; data not shown), at 20 and 10 h before farrowing (P < 0.1), and at the onset of farrowing (P < 0.05; Figure 5B ). They tended to have decreased concentrations of prolactin compared with the high-producing sows at 40 and 30 h before farrowing (P < 0.1; Figure 5D ). Therefore, the increase in prolactin concentrations was delayed by 20 h in the low-producing sows. Estradiol-17β concentrations did not differ (P > 0.1) between the 2 groups of sows (Figure 5C ).
Low-producing sows had plasma concentrations of IGF-I similar (P > 0.1) to those of high-producing sows except for d −2 (P < 0.05; Figure 6 ). Low-producing sows had greater concentrations of glucose between d −9 and −2 (P < 0.05; Figure 7 ). Concentrations of insulin and NEFA from d −9 to 1 did not differ between the 2 groups of sows (P > 0.1; data not shown). The high-and low-producing sows had similar circulating leptin concentrations at d −9 and −2 (P > 0.1; data not shown).
Colostrum Composition
Differences in colostrum composition were observed between the low-and high-producing sows ( Table 2 ). The contents of ash and CP in colostrum did not differ (P > 0.1) between the 2 groups of sows at T0 and T24. However, colostrum contents of DM, lipids, and GE at T0 were greater in the low-producing sows than in the high-producing sows (P < 0.01). Lactose concentrations in colostrum of the low-producing sows were less (P < 0.05) at T0, T3, and T6 than in colostrum of the high-producing sows. At T24, there was no difference in colostrum composition between the 2 groups ( Table  2 ).
The Na:K ratio in colostrum was greater in the lowproducing sows than in the high-producing sows at the onset of farrowing, as well as 3 and 6 h later (P < 0.01; Figure 8) ; at 24 h after the onset of farrowing, it did not differ between the 2 groups of sows. At T24, the Na:K ratio was less (P < 0.05) than at T0, T3, and T6 in both groups of sows.
Relationships Between Colostrum Production and Sow and Litter Characteristics
Because the 16 experimental sows seemed to belong to 2 distinct populations regarding colostrum production and composition, relationships between colostrum and physiological criteria were sought among the 12 sows having a medium to high production of colostrum (high-producing sows). Various simple correlations were found, but isolated correlations (observed only at one time, for endocrine criteria) and weak correlations, although significant (P < 0.05), are not reported here.
Colostrum Yield and Litter BW Gain. Estimated colostrum production was not correlated with suckling litter size or BW (P > 0.1). Colostrum production was correlated with plasma concentrations of IGF-I in high-producing sows at d −2 (r = 0.64, P = 0.03). Litter BW gain was negatively correlated with the average time needed by newborn piglets to suckle, which is an indicator of litter vitality (r = −0.64, P = 0.02).
Colostrum IgG Contents. Concentrations of IgG in colostrum were not related to colostrum yield or to IgG concentrations in plasma of high-producing sows (P > 0.1). There was no correlation (P > 0.1) between IgG concentrations in colostrum and plasma concentrations of steroids and prolactin. Concentrations of IgG in colostrum at T0, T3, and to a lesser extent T6, but not T24, were positively correlated with IGF-I concentrations in plasma of high-producing sows at all times from d −9 to −3 (data not shown). Correlations were Piglets nursed during the 24 h after the onset of farrowing.
2 T0 = onset of farrowing (birth of the first piglet); T24 = 24 h after the onset of farrowing. strongest with IGF-I measured between d −2 and 0 (Table 3) . Colostral contents of IgG at T0, T3, and T6 were negatively correlated with colostral concentrations of lactose at T0, T3, and T6 (Table 3) . Concentrations of IgG at T24 were negatively correlated with lactose in colostrum at T24 only (Table 3) . Concentrations of IgG in colostrum at T24 were positively correlated with the Na:K ratio in colostrum at T24 (r = 0.79, P = 0.002).
DISCUSSION
Colostrum Yield
The estimated production of colostrum was not influenced by litter size or BW, which is in agreement with previous findings (Le Dividich et al., 2004; Devillers et al., 2007) . In the present study, 4 litters lost BW dur- Figure 6 . Plasma concentrations of IGF-I around farrowing in sows producing a low (low sows) or a high (high sows) yield of colostrum (means ± SEM). Effect of colostrum yield: †P < 0.10; *P < 0.05. ing the first 24 h postpartum. In these litters, mortality rate during the first 2 d postpartum was increased, confirming the importance of colostrum intake by piglets for early survival (Edwards, 2002; . Colostrum production of their dams was estimated to be between 0.85 and 1.39 kg, being less than colostrum production estimated for other sows in the present experiment (between 3.0 and 4.8 kg) or in experiments conducted previously in the same herd (between 1.9 and 5.3 kg; Devillers et al., 2007) . Rectal temperatures of these 4 sows around farrowing were within the normal range and were similar to those of the high-producing sows (data not shown), indicating that, in the present case, poor colostrum yield was not related to the mastitis-metritis-agalactia syndrome.
Sow characteristics, litter size and BW, and farrowing duration were not different between the high-and low-producing sows, and therefore cannot explain the difference in colostrum production. Devillers et al. (2007) suggested that colostrum yield was influenced in part by global vitality of the litter. In the present study, the 2 criteria of piglet vitality (i.e., average piglet birth weight and time needed for the newborn to suckle for the first time) did not differ between litters from the 2 groups of sows. Therefore, low colostrum production was not due to an impaired capacity of newborn piglets to extract colostrum from the mammary gland.
A major difference between the low-and high-producing sows was the Na:K ratio in colostrum during the 6 h after the onset of parturition, which may indicate Figure 7 . Plasma concentrations of glucose around farrowing in sows producing a low (low sows) or a high (high sows) yield of colostrum. Effect of colostrum yield: †P < 0.10; *P < 0.05; **P < 0.01. Table 2 . Composition of whole colostrum at the onset of farrowing (T0) and 3, 6, and 24 h later (T3, T6, and T24, respectively) in sows producing a low or a high yield of colostrum (means ± SEM) 14.9 ± 0.6 (2) 6.9 ± 0.5 (12) <0.001 T24 12.4 ± 1.8 (2) 10.9 ± 0.6 (12) 0.37 Protein, 2 % T0 16.0 ± 3.7 (2) 15.6 ± 0.8 (12) 0.87 T24 6.2 ± 0.5 (4) 7.1 ± 0.6 (12) 0.41 Lactose, 2 % T0 2.05 ± 0.25 (3) 2.65 ± 0.11 (12) 0.04 T3 2.08 ± 0.23 (4) 2.68 ± 0.10 (12) 0.02 T6 2.17 ± 0.30 (4) 2.94 ± 0.12 (12) 0.02 T24 3.57 ± 0.54 (4) 3.84 ± 0.10 (12) 0.11 GE, kJ/g T0 9.1 ± 0.6 (4) 6.8 ± 0.3 (12) 0.002 T24 6.3 ± 1.0 (3) 6.4 ± 0.2 (12) 0.89 that the mammary epithelium was leakier in the lowproducing sows than in the high-producing sows. Tight junction closure after parturition plays an important role in lactation by preventing the loss of milk components from the lumen of the mammary gland into the circulation, and a tight junction barrier is necessary before intense milk secretion can occur (Itoh and Bissell, 2003) . Moreover, lactose concentrations in colostrum of low-producing sows were less than those of high-producing sows during the 6 h after the onset of parturition. Because lactose is the principal osmotic component in the mammary secretions (Leong et al., 1990) , any delay in lactose synthesis by the mammary epithelial cells would limit water transfer into the lumen of the alveoli, and thereby limit colostrum volume. Furthermore, the colostrum produced would be more concentrated and have a high viscosity, which may have made it difficult for the piglets to suck, as suggested for sheep (Banchero et al., 2004) . Moreover, greater concentrations of lactose in colostrum and milk in primiparous transgenic sows were reported to be accompanied by an increase in BW gain of piglets on d 3 postpartum (Noble et al., 2002) . Together, these findings likely indicate that impaired lactogenesis of the low-producing sows was accompanied by both leaky mammary epithelium and reduced synthesis of lactose. In many species, there is evidence that lactose synthesis by mammary epithelial cells is stimulated by prolactin and inhibited by progesterone. The activity of the lactose synthase, an enzymatic complex including α-lactalbumin and galactosyltransferase, markedly increases during the final stage of lactogenesis in sows (Dodd et al., 1994) . The expression of α-lactalbumin is upregulated by prolactin (Rosen et al., 1999; Tucker, 2000) , and the prolactin receptor of mammary epithelial cells is upregulated by the withdrawal of progesterone at the time of parturition in mice (Liu et al., 1996) . Consistently, in the rat, progesterone was shown to down-regulate lactose synthase activity in vivo (Kuhn, 1969) . In contrast, injections of estradiol-17β were shown to increase mRNA of prolactin receptors in the mammary gland of ewes (Cassy et al., 2000) . The decreased concentrations of lactose in low-producing sows could therefore be explained by the trends for the delayed increase in prolactin concentrations and the delayed decrease in progesterone concentrations observed in these sows before parturition. Postpartum, but not prepartum, progesterone was previously proposed as a potential inhibitor of lactogenesis in the sow because of the observed reduced early growth rate of piglets from sows that had greater concentrations of progesterone during the first 48 h postpartum (de Passillé et al., 1993) . With regard to prolactin, its prepartum peak is essential for the initiation of lactation in swine (Taverne et al., 1982; Farmer et al., 1998) , but no relationship was reported between variations in circulat- The Na:K ratio in colostrum in the 24 h after the onset of farrowing in sows producing a low (low sows) or a high (high sows) yield of colostrum (means ± SEM). Effect of colostrum yield: **P < 0.01; ***P < 0.001.
ing prolactin concentrations in sows around parturition and piglet growth rate (de Passillé et al., 1993) .
Lactose synthesis also depends on the availability of its precursor, glucose, in the mammary cells (Shennan and Peaker, 2000) . In the present experiment, lowproducing sows had greater plasma concentrations of glucose in late pregnancy than high-producing sows, indicating decreased uptake of glucose by the mammary gland. The preferential drive of glucose toward fetuses and the mammary glands depends on the development of insulin resistance at the end of pregnancy (Père and Etienne, 2007) . One may therefore wonder whether a reduced insulin resistance could be involved in the impaired production of colostrum. Alternatively, greater plasma concentrations of glucose could be due to gluconeogenesis induced by a catabolic state. Nevertheless, metabolic variables, especially NEFA and insulin, did not indicate a significantly enhanced catabolic status in the low-producing sows. Glucose availability for milk production also depends on mammary blood flow. Whether blood flow was affected in the low-producing sows was not determined in the present experiment.
The experimental period in the present study stopped 2 d after parturition; therefore, the overall lactation performance of the sows is not known. Nevertheless, it is worth noting that colostrum characteristics no longer differed between low-and high-producing sows 24 h after the onset of parturition. Moreover, no differences were observed in prolactin and progesterone concentrations after farrowing.
Factors that influence colostrum yield were also investigated within the population of sows that produced medium to high yields of colostrum (i.e., within high-producing sows). Litter BW gain during the first postpartum day was negatively correlated with the birth-to-suckling interval, indicating that litter vitality influenced colostrum production when sows did not have impaired colostrum production. This influence of global vitality is consistent with previous findings (Devillers et al., 2007) . Positive correlations between IGF-I just before parturition and colostrum production in the high-producing sows might reflect a greater differentiation and division of mammary epithelial cells at the end of pregnancy induced by circulating IGF-I, which is a mitogen and an antiapoptotic factor in mammary tissue (Cohick, 1998) . Moreover, casein gene expression and synthesis and glucose transport were stimulated by addition of IGF-I to murine mammary cells in the presence of prolactin and hydrocortisone in vitro (Prosser et al., 1987) . The fact that IGF are locally produced and that IGFBP-2 and IGFBP-3 are expressed in mammary glands during late pregnancy may indicate the involvement of these growth factors in lactogenesis in sows (Lee et al., 1993) . Furthermore, the positive correlation between circulating concentrations of IGF-I and colostrum yield in the high-producing sows indicates that sows with a decreased catabolic status may have a greater availability of nutrients for the mammary glands.
IgG Content of Colostrum
The marked reduction in IgG concentrations in colostrum between T0 and T24 is consistent with previous observations (Klobasa and Butler, 1987) . Colostral IgG is derived from the serum (Bourne and Curtis, 1973) , and decreased IgG concentrations were reported in sow plasma during the 2-to 4-wk period preceding parturition (Klobasa et al., 1985; Huang et al., 1992) . Although moderate, such a decrease in plasma IgG concentrations was also observed in the present experiment.
The uptake of IgG by mammary glands in pigs could be mediated by an Fc-specific receptor, the neonatal Fc receptor (FcRn), as in ruminants (Barrington et al., 2001) , although the role of this receptor for IgG secretion into colostrum is debatable (Cervenak and Kacskovics, 2009 ). Expression of the FcRn protein was demonstrated in the porcine mammary gland (Schnulle and Hurley, 2003) . In cows, a role for estrogens, progesterone, and glucocorticoids was suggested in the initiation of FcRn activity (Barrington et al., 2001) . Moreover, prolactin could be involved in cessation of IgG transfer because the expression of the FcRn in the mammary gland was negatively correlated with serum prolactin concentrations (Barrington et al., 1999) . However, in the present study, no relationships were found between IgG content in colostrum and plasma concentrations of prolactin or steroids around parturition. Surprisingly, strong positive correlations were found between IgG content in colostrum and plasma concentrations of IGF-I during late pregnancy. Even though IGF-I is a mitogen and enhances synthesis activity of epithelial mammary cells, to our knowledge, there has been no finding of a potential involvement of IGF-I in IgG transfer into mammary secretions. Whether a causal relationship exists between plasma IGF-I and IgG concentrations in colostrum needs to be investigated further.
A negative association between IgG and lactose concentrations in colostrum was described previously at T0 by Devillers et al. (2007) . This association is likely because lactose synthesis and cessation of IgG transfer are simultaneously controlled by a common factor, probably prolactin, as suggested by Barrington et al. (2001) for ruminants. Prolactin was also reported to stimulate the closure of tight junctions during the transition from pregnancy to lactation in mice (Nguyen et al., 2001 ). Consistently, a negative association was found between prolactin concentrations before parturition and the Na:K ratio at T24 (r = −0.73) in the present experiment. Therefore, prolactin could simultaneously control cellular junction closure and cessation of IgG transfer. The positive association between colostral IgG concentrations and Na:K ratio at T24 is probably related to the concomitance of these 2 phenomena rather than to a causal relationship.
It is important to mention that one drawback of our method of estimating colostrum production by sows is that it does not allow dynamic measurement of colostrum production over 24 h. It is plausible that hourly Endocrine regulation of lactogenesis in sows colostrum yield is not constant over the first 24 h after the onset of parturition because the nursing pattern changes over these 24 h. Colostrum is continuously available during the first 3 h, and then rhythmic nursings are progressively developed until synchronization occurs from 10 to 12 h after the onset of farrowing (de Passillé and Rushen, 1989; Fraser and Rushen, 1992) .
In summary, sows that produced a low yield of colostrum were characterized by a leaky mammary epithelium and a low synthesis of lactose, related to delayed hormonal changes before parturition. The study did not provide evidence of the involvement of the lactogenic hormones prolactin, estradiol-17β, progesterone, or cortisol for the transfer of IgG into colostrum in swine.
